We previously reported that three types of tobacco calmodulin (CaM) isoforms originated from 13 genes are differently regulated at the transcript and protein levels in response to wounding and tobacco mosaic virus-induced hypersensitive reaction (HR); wound-inducible type I and HR-inducible type III levels increased after wounding and HR, respectively, while type II, whose expression is constitutive and wound responsible, remained unchanged. Here, we show that these CaMs differentially activate target enzymes; rat NO synthase was activated most effectively by type III, moderately by type I and weakly by type II, and plant NAD kinase (NADK) was activated in the inverse order. Furthermore, we found that a suitable Ca 2+ concentration differs by type; type II activated NADK at lower Ca 2+ of around 0.1 µM, which is the cytosolic concentration in unstimulated cells, type I did so at 1-5 µM, which is the increased Ca 2+ concentration in stimulated cells, while type III did not at any Ca 2+ level. NADK activation was highest over a pH range of 7.1-6.8 for which the cytosolic pH reportedly changed from 7.5 after being stimulated. Thus, tobacco CaMs, especially type I, effectively activate NADK in stimuli-induced conditions.
Introduction
We studied the resistance mechanism active against wounding and pathogen infection in plants using wounded and tobacco mosaic virus (TMV)-infected tobacco leaves containing the N resistance gene (Nicotiana tabacum L. cv Samsun NN). N gene-dependent formation of necrotic lesions in virusinfected tissue is a kind of programmed cell death responsible for virus enclosure, and is a hypersensitive reaction (HR) that occurs during the plant's defense response (Goodman and Novacky 1994) . It induces both salicylic acid-dependent signaling and jasmonic acid/ethylene-dependent signaling, which mimic wound signaling (Niki et al. 1998) . As a HR-responsive gene, we isolated the calmodulin gene (CaM), which encodes a major Ca 2+ receptor that activates target enzymes in the presence of Ca 2+ (Klee and Vanaman 1982) . Although the nature of the downstream signaling of CaM in plant cells is largely unknown, plants have multiple CaM isoforms, which are highly divergent, in contrast to the invariant mammalian CaM (Lee et al. 1995 , Takezawa et al. 1995 . Therefore, it is expected that multiple plant-specific CaM-mediated signaling pathways exist. Furthermore, a number of studies indicated that the production of reactive oxygen species (ROS) such as O 2 -, H 2 O 2 and nitric oxide (NO) plays an important role in the defense response, and is controlled in a Ca 2+ -dependent manner (Nürnberger et al. 1994 , Hahlbrock et al. 1995 , Delledonne et al. 1998 , Park et al. 1998 , Grant et al. 2000 .
On the other hand, change in the concentration of cytosolic free Ca 2+ ([Ca 2+ ] cyt ) is evoked by various extracellular stimuli including pathogenic infection or elicitors (Sanders et al. 1999 , Kadota et al. 2004 ). Increased [Ca 2+ ] cyt is thought to be required to induce an array of defense responses including ROS production and gene expression via various Ca 2+ receptors (Reddy 2001) . To determine how Ca 2+ triggers such responses, we successfully isolated 13 CaM genes, NtCaM1-13, from TMV-infected or wounded tobacco belonging to three plant-specific types (Yamakawa et al. 2001; Fig. 1A) . Among them, type I isoforms encoded by NtCaM1 and 2 showed overall similarities to PCM1, a potato CaM (Takezawa et al. 1995) , while type II isoforms, which contain NtCaM3/4/5/6/7/8/9/10/ 11/12, are highly homologous to soybean SCaM-1. NtCaM13 belongs to type III, and has the most diverse substitutions, which are common to SCaM-4 (Lee et al. 1995) . In soybean plant, SCaM-1 and SCaM-4 were characterized by different spectra on activation of target enzyme (Lee et al. 1995, Cho et [Ca 2+ ]-dependent NADK activation by tobacco CaM 1372 al. 1998), suggesting different functions. Among the three types of plant CaMs, there is little biochemical information on type I CaM except from a gene expression study on potato PCM1 (Takezawa et al. 1995) . To characterize the precise functions of each type of CaM, a comparative study was necessary using all CaMs from the same plant source under the same conditions. In this paper, we compared the biochemical nature of type I, II and III CaMs, using purified representative CaMs, NtCaM1, 3 and 13 (Fig. 1B) , respectively. For a target enzyme, we selected plant NAD kinase (NADK), which is suggested to function in the self-defense of plants by providing the cofactor NADP for ROS production by NADPH oxidase (Harding et al. 1997) . We found that the enzyme was specifically activated by wound-inducible types I and II, whose ratio of total CaMs Purified NtCaM proteins prepared as described previously (Fromm and Chua 1992) . Four micrograms each of recombinant NtCaM1, NtCaM3 and NtCaM13 protein were subjected to 12% SDS-PAGE in the presence of 7.5 mM CaCl 2 (+) or 7.5 mM EGTA (-), and protein in the gel was stained with Coomassie Brilliant Blue R-250. The Ca 2+ /CaM complex migrated more quickly than CaM alone. Molecular weight marks (M) are indicated on the right.
[Ca 2+ ]-dependent NADK activation by tobacco CaM 1373 increased, but not by type III, whose ratio decreased after wounding (Yamakawa et al. 2001) . Furthermore, the activation by types I and II was maximized under elevated Ca 2+ concentrations and decreased pH, which are induced after exposure to various stimuli (Sanders et al. 1999 , Lebrun-Garcia et al. 2002 , Lecourieux et al. 2002 . The activity of animal NO synthase (NOS), which is also activated by plant CaMs in vitro, was highest, moderate and lowest by type III, type I and type II, respectively, indicating the substrate preference of the CaM types.
Results

NADK was activated by NtCaM1 and NtCaM3 but not by NtCaM13
Plant NADK is activated by plant CaMs (Anderson and Cormier 1978, Roberts and Harmon 1992) . This study had been conducted using only type II and III CaMs, lacking data on type I CaMs whose structure and expression profiles are different from those of types II and III (Takezawa et al. 1995 , Yamakawa et al. 2001 . To understand the role of each CaM type in NADK activation, we used representatives of all three plant-specific CaMs (NtCaM1, 3 and 13) and a control animal CaM (bovine brain CaM). Using purified pea NADK as the target enzyme, we assessed which type of CaM is the most potent activator under conditions of 1 mM Ca 2+ and pH 8.0. NADK activity was evaluated by quantification of the product, NADP + , via reaction with excess NADP + -dependent glucose 6-phosphate dehydrogenase and oxidation-reduction indicator dyes as described previously (Harmon et al. 1984) . Pea NADK was activated most by NtCaM3 and then by NtCaM1 in the presence of 1 mM Ca 2+ at pH 8.0, but NtCaM13 hardly activated the enzyme (Fig. 2A) . Mammalian CaM had less activity than NtCaM1 and 3. In the absence of Ca 2+ , no activity was detected for any of the CaMs (data not shown). V max , the maximal activity compared with that of the mammalian CaM, and K act , the concentration of CaM required for half-maximal activity, were 207%, 235% and 9%, and 16, 9 and 26 nM for NtCaM1, NtCaM3 and NtCaM13, respectively (Table 1) .
NOS was effectively activated by NtCaM13 and then by NtCaM1, but weakly by NtCaM3
NOS is an important CaM-dependent enzyme in animals. We studied the properties of tobacco CaMs using a rat recombinant NOS as a target enzyme according to the citrulline method coupled with thin-layer chromatography (TLC) separation (Kumar et al. 1999) . NOS was activated by all tobacco CaM types as well as by mammalian CaM (Fig. 2B) . Compared with the control animal CaM, NtCaM13 was the most potent activator, NtCaM1 was the second most potent, while NtCaM3 was the weakest. Without Ca 2+ , no NOS activity was observed (data not shown). V max compared with that for bovine CaM and K act for NtCaM1, NtCaM3 and NtCaM13 were 98%, 67% and 119%, and 56, 89 and 67 nM, respectively (Table 1) .
Calcineurin was most activated by NtCaM3 and moderately activated by NtCaM1 and NtCaM13
Calcineurin (CaN), a CaM-dependent protein phosphatase, is a target of CaM in mammals. The activity of bovine brain CaN was determined by a fluorometric method using 4-methyl umbelliferyl phosphate (4MUP) as the substrate (Anthony et al. 1986 ). In the absence of Ca 2+ , the enzyme exhibited 35-45% of the activity in the presence of Ca 2+ (data not shown). With Ca 2+ , NtCaM3 increased the activity of bovine CaN 2.7-fold, followed second by bovine CaM, and fol- lowed by NtCaM1 and NtCaM13 (Fig. 2C) . V max compared with that for bovine CaM and K act for NtCaM1, NtCaM3 and NtCaM13 were 81%, 130% and 74% and 4.6, 4.0 and 7.5 nM, respectively ( Table 1) .
The Ca 2+ concentration required for NADK activation is different for different types of CaMs
NADK activation as shown in Fig. 2A was analyzed under similar conditions as described previously (Harmon et al. 1984 , Lee et al. 1995 ] cyt transiently rises to 3 µM after elicitor treatment in suspensison-cultured cells (Sanders et al. 1999 , Lecourieux et al. 2002 . To understand the Ca 2+ -dependent activation of NADK by each CaM type in intact plant cells after stimulation, we used the three representative tobacco CaM proteins at various Ca 2+ concentrations. Because the cytosolic pH in unstimulated plant cells is around 7.5 (Kurkdjian and Guern 1989) , the pH of the reaction mixture for this study was adjusted to 7.5. CaM concentration in this study was fixed at 0.5 µM. Although there are few reports on cytosolic CaM concentration in plant, it is said to be 5-20 µM (reviewed by Zielinski 1998). While 0.5 µM CaM is lower than the known concentration, it seemed to be sufficient because NADK activation was saturated at 0.5 µM CaM in Fig. 2A . Under this condition, NtCaM3 could activate NADK at a Ca 2+ concentration lower than 1 µM (Fig. 3A) . However, NtCaM1 required at least 10 µM Ca 2+ , and its activating ability reached to the same or a higher degree than that of NtCaM3 at 100 µM Ca 2+ . NtCaM13 could not activate NADK at any Ca 2+ concentration.
Ca
2+ -dependent NADK activation is regulated by pH Next, we examined the effect of pH on NADK activation by CaMs because cytosolic pH is changed by stress such as elicitor treatment. In N-acetylchitooligosaccharide elicitortreated suspension-cultured rice cells, cytosolic pH changed rapidly from 7.5 to 7.1 (Kuchitsu et al. 1997) , and the pH declined to 6.8 from 7.3, 40 min after treatment with 0.3 M NaCl in suspension-cultured tobacco cells (Qiao et al. 2002) . Thus it is possible that cytosolic pH decreases after stimuli in vivo. To reproduce the actual cytosolic conditions present after stimuli in plants, we used reaction mixtures at pH 7.1, 6.8 and 6.4 with various Ca 2+ concentrations for the analysis of NADK activation by CaMs. Under pH 7.1, NtCaM1 and 3 activated NADK more efficiently than under pH 7.5 (Fig. 3B ). NtCaM3 activated it under pH 7.1 at Ca 2+ concentrations such as 0.1 µM, and NtCaM1 responded to 1 µM Ca 2+ , at which NADK activation was not detected under pH 7.5. At pH 6.8, NtCaM3 activation was more efficient than at pH 7.1. NtCaM1 activated NADK similarly to pH 7.1 for almost the same Ca 2+ concentrations (Fig. 3C ). Under pH 6.4, for which the cytosolic pH was changed from 7.3 after NaCl treatment in suspensioncultured tobacco cells to induce cell death (Qiao et al. 2002) , the activating ability of both types of CaMs declined (Fig. 3D ).
Discussion
In contrast to the mammalian system in which only one CaM protein operates, plants have multiple types of CaMs with different protein structures to transduce Ca 2+ signals downstream. Using purified NtCaM1, 3 and 13, which belong to plant-specific type I, II and III CaMs, respectively, we analyzed the roles of each type of CaM in target enzyme activation in vitro. Our work presents comparable studies of all three types of plant CaMs and the control animal CaM under experimental conditions mimicking that in the cytosol of healthy unstimulated and stimulated cells. The characterization of type I CaM using NtCaM1 as a representative in comparison with other types of CaMs was first reported in this work, which found that NtCaM1 activates NADK only under stress-induced conditions. From this study, we could understand that the mode of target enzyme activation is different and specific for each type of CaM.
Studies on plant NADK activation by the three types of CaMs under various Ca 2+ concentrations and pHs gave us important information on the specificity of CaM. Increased Ca 2+ concentration after stimuli enhanced NADK activation by NtCaM1 and 3, but no activation by NtCaM13 occurred. Similarly, lowered pH after stimuli also enhanced activation by the NtCaM1 and 3, but no activation by NtCaM13 occurred. In Table 1 Activation profiles of NADK, NOS and CaN by NtCaM1, 3, 13 and bovine CaM
The extent of activation was summarized. The number of (+) indicates the extent of activation and (±) denotes little activation. V max , the maximal activity compared with that of bovine CaM.
NADK NOS CaN
Target enzyme ] cyt in plant cells at steady state is around 0.1 µM (Bush 1995) . After stress treatment such as elicitor application (Lecourieux et al. 2002) and pathogen infection (Xu and Heath 1998) , [Ca 2+ ] cyt increases, triggering stress-responsive signaling pathways used for self-defense. Cytosolic pH is also dynamically altered to bring about acidification after stress treatment (Kurkdjian and Guern 1989) . This evidence suggests that Ca 2+ -induced target enzyme activation in vitro should be studied under similar conditions in unstimulated and stimulated plant cells in vivo to obtain meaningful data. We examined Ca 2+ /CaM-dependent NADK activation under conditions mimicking the cytosolic conditions of plant cells before and after stimuli.
We found that plant NADK was more effectively activated by type I and II NtCaMs under pH 7.1 and 6.8, which are stress-inducible cytosolic pHs, than at pH 7.5, which is the cytosolic pH in unstimulated plant cells. A report by Yamamoto (1966) showed that in crude green leaf extract, NADK activity was highest at pH 6.8 when reacted in buffer at pH 5.2-8.4, which supports our findings. Furthermore, we found that NtCaM3 could activate NADK at Ca 2+ concentrations between 0.1 and 1 µM at all pH values tested. Since the [Ca 2+ ] cyt in plant cells at steady state is around 0.1 µM (Bush 1995) , NADK activation by type II CaMs would occur constitutively and is enhanced by increased Ca 2+ after stimuli, indicating that type II CaMs respond most sensitively to small stimuli. In contrast to type II CaMs, wound-inducible type I CaMs such as NtCaM1 did not respond to Ca 2+ concentration lower than 1 µM but did to Ca 2+ higher than 10 µM at pH 7.5, implying that type I CaMs do not function in NADK activation in healthy unstimulated cells. Since NtCaM1 responded to low Ca 2+ concentrations such as 1 µM at pH 7.1 and 6.8 but not at pH 7.5, it appears that type I CaMs are recruited only in stimu- lated cells in which [Ca 2+ ] cyt has increased and pH has declined (Fig. 3E) .
Many reports indicated the involvement of CaMs in plant self-defense responses (Heo et al. 1999 , Kim et al. 2002 . A transgenic tobacco plant that possesses a mutated CaM, which contains one amino acid substitution crucial for the hyperactivation of NADK, showed enhanced H 2 O 2 production in response to elicitor treatment (Harding et al. 1997 ). Since ROS such as H 2 O 2 are produced by NADPH oxidase activity, these CaMs likely promote the production of its substrate NADP + / NADPH by activating NADK to convert NAD + to NADP + . In suspension-cultured tobacco cells treated with cryptogein, a phytopathogenic fungus-derived proteinous elicitor, the pentose phosphate pathway is activated, which enhances NADP + / NADPH conversion (Pugin et al. 1997 (Fig. 4) .
Generally, plant CaMs have four sets of well-conserved EF-hand motifs for Ca 2+ binding. The reason for three types of tobacco CaMs with different abilities to activate NADK at different Ca 2+ concentration is a focus of interest. As for plant NADK activation by CaM, it was reported that Lys-30 and Gly-40 in the first EF-hand of soybean SCaM-1, which is the ortholog of NtCaM3, are essential for NADK activation but not for binding to the enzyme. Soybean SCaM-4, which is the ortholog of NtCaM13 and has Glu-30 and Asp-40, does not activate NADK but can bind to the enzyme (Lee et al. 1997) . Consistent with this, both NtCaM1 and 3 have Lys-30 and Gly-40 in the first EF-hand, whereas NtCaM13 has Glu-30 and Asp-40 (Fig. 1A) . This evidence indicates that the difference in these amino acids is not involved in the difference in Ca 2+ response between NtCaM1 and NtCaM3. Liao et al. (1996) suggested that the C-terminal hydrophobic region of CaM plays a role in binding to several target proteins including NADK. Since NtCaM1 has a different amino acid sequence from that of NtCaM3 in the C-terminal region rather than around EF-hands (Fig. 1A) , different Ca 2+ responses for NADK activation may be attributed to the predicted difference in binding affinity between Ca 2+ /CaM and NADK rather than the affinity between Ca 2+ and CaM. In contrast to plant NADK, mammalian NOS was most activated by NtCaM13 (Fig. 2C) . Ca 2+ -dependent NOS-like activity is necessary for the expression of pathogenesis-related (PR) genes following TMV infection in tobacco plants (Durner et al. 1998) . We confirmed the results of Heo et al. (1999) for the constitutive expression of PR genes in transgenic tobacco plants overproducing NtCaM13/SCaM-4-type CaMs (unpublished data). Thus, type III CaMs might regulate PR gene expression involved in the defense response against pathogen infection by an unknown mechanism. Recently, Chandok et al. (2003) indicated that a variant of the P protein of glycine decarboxylase had NOS activity, and that it is induced by viral infection. Another study revealed that an Arabidopsis NOS gene encodes a protein with sequence similarity to a NO synthesisrelated protein in the snail Helix pomatia (Guo et al. 2003) . The evaluations of plant NOS enzymes reported so far and the isolation of new putative plant NOS molecules as CaM binding proteins will help in the elucidation of Ca 2+ /CaM signaling during self-defense reactions in plants.
At present, genes of the target enzymes of tobacco CaMs in self-defense signaling to pathogen infection and wounding have not been identified. One of the candidates is a putative tobacco MAPK phosphatase (NtMKP1) which we isolated as a CaM binding protein (Yamakawa et al. 2004 ). Wound-induced activation of defense-related MAPKs such as WIPK and SIPK was significantly inhibited in transgenic tobacco plants overproducing NtMKP1, indicating that the MAPK phosphatase is involved in MAPK signaling via a Ca 2+ /CaM system after wounding or pathogen infection. NtMKP1 has higher binding affinity to NtCaM1 and NtCaM3 than to NtCaM13. An amino acid substitution in the CaM binding domain of NtMKP1 abolished NtCaM1 and NtCaM3 binding. The structure of NtMKP1 is considerably different from that of animal MKPs, suggesting that plants have specific Ca 2+ /CaM signaling cascades via the MKP/MAPK system which are quite different from those of animals.
Plants lack the highly developed immune system that vertebrates have, and vertebrates have only one CaM protein with an identical amino acid sequence. Our data suggest that transcriptional and post-transcriptional control of diverse plant CaM isoforms with a characteristic manner may effectively activate individual target enzymes and transduce the Ca 2+ signal downstream via dynamic changes in cytosolic Ca 2+ concentration and pH upon internal and external stimulation. The isolation and characterization of other plant-originated target molecules of individual CaMs by direct analysis of CaMinteracting proteins will shed light on the physiological importance of individual CaM isoforms for the self-defense mechanism in plants.
Materials and Methods
Purification of CaM protein
Recombinant CaM proteins NtCaM1, 3 and 13 were produced by Escherichia coli harboring pET-NtCaM1, 3 and 13, respectively, and purified by Ca 2+ -dependent hydrophobic chromatography as described previously (Fromm and Chua 1992, Yamakawa et al. 2001) . As shown in Fig. 1B , the purity of CaM proteins that showed an electrophoretic mobility shift in the presence of Ca 2+ was >95% as seen by Coomassie Brilliant Blue (CBB) staining following separation on SDS-polyacrylamide gel. Bovine brain CaM was obtained from Wako (Osaka, Japan), and used as a control for the enzyme assays. Protein concentration was determined by both the Bradford method (Bradford 1976 ) and the Lowry method (Lowry et al. 1951 ) using a protein assay kit (BioRad, Hercules, CA, U.S.A.) with BSA as the standard.
Purification of NADK
Pea NADK was partially purified from pea seedlings (Pisum sativam L. cv. Akabana-tsurunashi-endo) by the method of Muto and Miyachi (1977) . Peas were germinated in moistened vermiculite and grown under artificial light without additional nutrients. The following purification procedures were carried out at 4°C. The aerial parts of 12-day-old seedlings (627 g) were macerated with liquid nitrogen and extracted with 3 vol of 25 mM triethanolamine-acetate (pH 7.5) containing 1 mM phenylmethylsulfonyl fluoride, 0.5 M sucrose and 1 mM DTT. The homogenate was squeezed through double-layered Miracloth (Calbiochem, La Jolla, CA, U.S.A.) and centrifuged at 27,000×g for 30 min. A one-tenth volume of 0.7% protamine sulfate solution in 10 mM triethanolamine-acetate buffer (pH 7.5) was added to the supernatant (2,000 ml). After continuous stirring for 15 min, the precipitate was collected by centrifugation at 27,000×g for 15 min. From the precipitate, the enzyme was extracted with 250 ml of 0.2 M Naacetate buffer (pH 6.0) and 1 µg ml -1 pepstatin A. To the extract, the same volume of 50% (w/w) polyethylene glycol 6,000 solution was added and the mixture was stirred for 30 min. After centrifugation at 39,000×g for 30 min, the precipitate was resuspended in 100 ml of 50 mM Tris-HCl (pH 7.0), 100 mM KCl, 3 mM MgCl 2 and 1 mM EGTA. Insoluble materials were removed by centrifugation at 27,000×g for 15 min. The supernatant solution was passed through a DEAE-Sephacel (Amersham Pharmacia Biotech, Buckinghamshire, UK) column (1.6×30 cm) pre-equilibrated with the buffer mentioned above, allowing pea endogenous CaM to be completely adsorbed by the column. The effluent was stocked at -80°C in small portions of 5% glycerol solution and used for NADK assays.
NADK assay
The NADK assay was performed as described previously (Harmon et al. 1984 ) in a 0.5-ml solution A containing 50 mM Tricine (pH 8.0), 5 mM MgCl 2 , 2 mM NAD + , 3 mM ATP, 1 mM CaCl 2 or EGTA and various amounts of CaM. The reaction was initiated with 10 µl of freshly thawed, purified NADK stock solution. After incubation for 60 min at 37°C, the reaction was terminated by placing the tubes in boiling water for 3 min. The tubes were then cooled to ambient temperature, and 0.5 ml of solution B containing 50 mM Tricine (pH 8.0), 5 mM MgCl 2 , 1 mM EGTA, 0.8 mM glucose 6-phosphate, 0.1 mg ml -1 phenazine methosulfate, and 0.15 mg ml -1 2,6-dichlorophenolindophenol was added. The mixture was transferred to a cuvette pre-incubated at 30°C, and 20 µl of glucose 6-phosphate dehydrogenase (6 U ml -1 ) was added. The decrease in A 600 per minute was monitored using a Beckman spectrophotometer (Model DU-7400; Fullerton, CA, U.S.A.) equipped with a temperature controller set at 30°C. The amount of NADP + produced by the NADK reaction was calculated from a standard curve of NADP + versus the descending rate of A 600 . No activation by Ca 2+ was found in the absence of exogenous CaM, confirming that the preparation of NADK was free from contamination by pea endogenous CaM (data not shown). To analyze the effect of Ca 2+ concentration and pH, solutions of CaM and NADK were dialyzed respectively against 50 mM Tris-HCl (pH 7.5), 3mM MgCl 2 . Solution C, which contained various amounts of CaCl 2 buffered by BAPTA, 50 mM PIPES (pH7.5, 7.1, 6.8, 6.4), 5 mM MgCl 2 , 2 mM NAD + , 3 mM ATP, 0.5 µM CaM was used in place of solution A. Since concentration of free Ca 2+ is depending on pH or other components such as Mg 2+ and ATP, we previously used calculation software (BOUND AND DETERMINED; Brooks and Storey 1992) for determination of CaCl 2 and BAPTA concentrations in solution C.
NOS assay
NOS activity was determined by the citrulline assay followed by TLC, as described by Kumar et al. (1999) . The freshly prepared reaction mixture (20 µl) consisted of 30 mM HEPES-NaOH (pH 7.0), 2 mM NADPH, 100 µM FAD, 100 µM tetrahydrobiopterin, 1 mM CaCl 2 or EGTA, various concentrations of CaM, 0.25 µl of L-[U-14 C]arginine (272 mCi mmol -1 , 100 µCi ml -1 ; Moravek Biochemicals, Brea, CA, U.S.A.) and 100 mU of recombinant rat neuronal NOS (Calbiochem). The reaction was carried out at 30°C for 60 min. The NOS reaction was terminated by adding 50 µl of cold methanol. The samples were left on ice for 20 min and centrifuged at 20,000×g for 10 min. An aliquot (10 µl) of the supernatant was spotted onto a silica gel TLC plate (Merck, Darmstadt, Germany), air-dried and subjected to chromatography. The solvent was ammonium hydroxide:chloroform:methanol:water (4 : 1 : 9 : 2). The plate was imaged by a PhosphorImager SI (Amersham Pharmacia Biotech) after exposure for 48 h and the radioactivity of the product, L-[ 14 C]citrulline, was quantified using the ImageQuant 1.1 program (Amersham Pharmacia Biotech). The R f values for L-arginine and L-citrulline were 0.44 and 0.90, which were those of the standard amino acids stained with ninhydrin (data not shown).
Calcineurin assay
The activity of a CaM-dependent protein phosphatase, CaN, was determined by a fluorescent assay using 4-MUP (ICN, Costa Mesa, CA, U.S.A.) as the substrate, as reported previously (Anthony et al. 1986) . Each assay was conducted in 200 µl of 50 mM Tris-HCl (pH 8.0), 1 mg ml -1 BSA, 0.5 mM DTT, 1 mM MgCl 2 , 0.3 mM CaCl 2 or EGTA, 12.5 nM bovine brain CaN (Upstate Biotechnology, Lake Placid, NY, U.S.A.), with various concentrations of CaM, and 200 µM 4MUP, which was added to start the reaction. After incubation at 37°C for 60 min, the reaction was terminated by the addition of 1 ml of 0.4 M Na 2 CO 3 . Fluorescence was monitored in a quartz cuvette (1 cm light path) using a Hitachi fluorescence spectrophotometer (Model F-2500; Tokyo, Japan) with an excitation wavelength of 365 nm and an emission wavelength of 446 nm. To correlate the amount of product, 4-methyl umbelliferone (4MU), with the amount of fluorescence, a standard curve was made by monitoring the fluorescence intensity as a function of the concentration of 4MU. All assays were corrected for the non-enzymic hydrolysis of 4MUP. Specific activity was defined as nmol 4 MU mg -1 min -1 .
